Studies have shown that certain opportunistic pathogenic species of nontuberculous mycobacteria (NTM) can be present in distributed drinking water. However, detailed information about NTM population composition in drinking water is lacking. Therefore, NTM communities in unchlorinated drinking water from the distribution system of five treatment plants in the Netherlands were characterized using 454 pyrosequencing of the hsp65 gene. Results showed high diversities in unchlorinated drinking water, with up to 28 different NTM operational taxonomic units (OTUs) in a single sample. Each drinking water sample had a unique NTM community, and most (81.1%) OTUs were observed only once. One OTU was observed in 14 of 16 drinking water samples, indicating that this NTM species is well adapted to unchlorinated drinking water conditions. A clear influence of season, source type (groundwater, surface water), easily assimilable organic carbon (AOC) concentration, biofilm formation rate, and active biomass in treated water on the establishment of an NTM community in drinking water was not observed. Apparently, local conditions are more important for the development of a specific NTM community in the drinking water distribution system. A low (4.2%) number of hsp65 gene sequences showed more than 97% similarity to sequences of the opportunistic pathogens M. avium, M. genavense, and M. gordonae. However, most (95.8%) NTM hsp65 gene sequences were related to notyet-described NTM species that have not been linked to disease, indicating that most NTM species in unchlorinated drinking water from distribution systems in the Netherlands have a low public health significance.
S
everal species of the genus Mycobacterium are described as nontuberculous mycobacteria (NTM), and these NTM species can be opportunistic pathogens, causing disease in immunocompromised humans (1) . The drinking water environment provides niches for certain NTM species, since some species are capable of multiplying in biofilms, protozoa that graze on biofilms, and sediments (2-7). As a result, studies using cultivation methods have identified different NTM species isolated from drinking water (8) (9) (10) (11) . Moreover, several studies have suggested that NTM isolates from drinking water and from patients have the same genotype (12) (13) (14) (15) (16) (17) . Thus, drinking water can be a route of transmission of opportunistic pathogenic NTM species to immunocompromised humans.
A large proportion of the NTM species in drinking water cannot be cultivated with the currently used culture methods (18) . Consequently, cultivation-based studies provide a limited view of NTM communities in drinking water. A more complete characterization of the NTM populations in drinking water can be achieved by employing molecular methods such as PCR and sequencing, but such studies are still scarce (19, 20) . As a result, the NTM diversity in drinking water is still largely unexplored. A possible reason for this is that the generally used 16S rRNA gene sequence analysis is not suitable to investigate NTM populations, because the 16S rRNA gene sequences of different Mycobacterium species can be 100% identical (21) . However, NTM communities can be characterized by analyzing the hsp65 gene, since it has been reported that (i) the resolving power for differentiation among NTM species is higher for hsp65 gene sequences than for 16S rRNA gene sequences and (ii) NTM species with (approximately) 100% 16S rRNA gene sequence identity can be clearly differentiated by hsp65 gene sequence analysis (21) .
Regrowth of microorganisms in drinking water in the Netherlands is not limited by a disinfectant residual but by reducing biodegradable organic carbon concentrations to the g C liter
Ϫ1
level in treated water (22) . However, since NTM species can grow under oligotrophic conditions (5, 23) , distribution of drinking water without a disinfection residual might increase the risk of NTM growth during distribution of the drinking water. On the other hand, studies have demonstrated that certain NTM species are especially resistant to monochloramine and that shifts from chlorine to monochloramine disinfection in drinking water treatment resulted in enhanced numbers of NTM in the drinking water distribution system (24) (25) (26) . Research in the 1980s demonstrated the occurrence of M. kansasii in drinking water from the Rotterdam area in the Netherlands (27) . Phage typing showed that M. kansasii strains from drinking water were identical to patient strains (27) . However, drinking water in the Rotterdam area was still distributed with a disinfectant residual (chlorine) at that time.
More recently, van Ingen et al. (10) isolated several NTM species from unchlorinated drinking water sampled in two different regions in the Netherlands. Most of these strains were related to NTM strains that are generally not observed among patient strains in the Netherlands (10).
Although several studies, using cultivation methods, have described NTM communities in drinking water, a thorough and complete description, using molecular methods, of the NTM communities in drinking water is lacking. The aim of our study was to characterize the NTM communities in unchlorinated drinking water, using 454 pyrosequence analyses of the hsp65 gene. In addition, the influence of sources used for drinking water production (groundwater versus surface water), season, easily assimilable organic carbon (AOC), the biofilm formation rate (BFR), and the amount of active biomass in the water on the NTM populations in drinking water was elucidated.
MATERIALS AND METHODS
Sample locations. The selection of drinking water treatment plants was based on the type of source water used for drinking water production, total organic carbon (TOC) content, easily assimilable organic carbon (AOC) concentration, and biofilm formation rate (BFR) of the treated water ( Table 1) . The unchlorinated distributed drinking water of four plants that used surface water (plants SW1, SW2, SW3, and SW4) and one plant that used groundwater (plant GW1) was analyzed. The TOC content of the treated water at the surface water plants is normal in the Netherlands, whereas the TOC concentration of the treated water at plant GW1 is relatively high. In addition, AOC levels above 10 ng liter Ϫ1 and BFR levels above 10 pg ATP cm Ϫ2 day Ϫ1 are considered relatively high in the Netherlands.
Sampling. Drinking water samples (1,000 ml) were taken from treated water at the plant and at approximately 10 different locations in the distribution system of the five treatment plants in the winter and summer of 2010. Before samples were taken, taps were flushed until the water temperature remained stable for 30 s. The exception to this sampling strategy was drinking water samples from the distribution system of plant SW1 in the summer, which were taken directly from the tap. Water samples were transported and stored at 4°C. Filtration of the water sample for DNA analyses was performed within 24 h after samples were collected.
DNA isolation. Each water sample (1,000 ml) was filtered using a 25-mm-diameter polycarbonate filter (type GTTP; Millipore, The Netherlands) (0.22 m pore size). Subsequently, the filter was added to phosphate and MT buffer of a FastDNA Spin kit for soil (Qbiogene) and a DNA fragment of an internal control was included before the buffer with filter was stored at Ϫ20°C. The internal control was used to determine the recovery efficiency of DNA isolation and PCR analysis (28, 29) . DNA was isolated using a FastDNA Spin kit for soil according to the supplier's protocol and eluted in 200 l elution buffer. qPCR analyses. To determine the hsp65 gene copy numbers of Mycobacterium spp., a quantitative PCR (qPCR) protocol using the TB11 and TB12 primers published by Telenti et al. (30) was used. In short, reaction mixtures of 50 l for PCR analyses contained 25 l of 2ϫ iQ SYBR green Supermix (Bio-Rad Laboratories BV, The Netherlands), 10 pmol of forward and reverse primer, 20 g of bovine serum albumin, and 10 l of the DNA template. The amplification program consisted of 2 min at 95°C; 43 cycles of 30 s at 95°C, 1 min at 60°C, and 1 min at 72°C; and 7 min at 72°C.
Amplification, detection, and data analysis were performed in an iCycler IQ real-time detection system (Bio-Rad Laboratories BV, The Netherlands). The PCR cycle after which the fluorescence signal of the amplified DNA was detected (threshold cycle [C T ]) was used to quantify the gene copy concentration. Quantification was based on comparison of the sample C T value with the C T values of a calibration curve based on known copy numbers of the hsp65 gene of M. avium subsp. avium.
Sequence analysis. A part of the hsp65 gene (441 bp) was amplified from two to three drinking water samples from the distribution system and/or treated water taken in the summer (plants SW3, SW4, and GW1) or in the winter and summer (plants SW1 and SW2) using the TB11 and TB12 primers with identifiable sample bar codes and the PCR conditions described above. 454 pyrosequencing of the amplified hsp65 genes was performed using a 454 Life Sciences GS FLX series genome sequencer (Roche, The Netherlands). Returned hsp65 gene sequences were trimmed, aligned, and assigned to operational taxonomic units (OTUs) using the mothur pipeline software tool (31) . In short, sequences were trimmed (only sequences with lengths between 400 and 440 bp and with both primer sequences were selected) and aligned using a reference file with hsp65 gene sequences of 34 different Mycobacterium species, 6 different Nocardia species, 1 Streptomyces species, and 1 Bifidobacterium species (outgroup). Sequences were assigned to the genus Mycobacterium when they showed more than 83.1% similarity to a hsp65 gene sequence from a cultivated Mycobacterium species (21) . Subsequently, hsp65 gene sequences from NTM were assigned to operational taxonomic units (OTUs) using a 97% cutoff value (32) . The NTM diversity was estimated by calculating the Shannon and Simpson diversity indices (33, 34) . Similarity between samples was determined by comparing OTU presence and abundance using the Morisita index for similarity, and cluster analysis based on the Morisita similarity index was done with the unweighted-pair group method using average linkages and the PAST software tool (35, 36) . OTU identification was done by comparing the hsp65 gene sequence of each NTM OTU with the hsp65 gene sequences in the GenBank database.
Nucleotide sequence accession numbers. The GenBank accession numbers of the hsp65 gene sequences obtained in our study are KC832034 to KC832289.
RESULTS
hsp65 gene copies numbers in unchlorinated drinking water. The hsp65 gene was amplified from all drinking water samples. The geometric gene copy numbers did not differ considerably between the different distribution systems in the winter and summer (1.7 ϫ 10 4 to 6.3 ϫ 10 4 gene copies liter Ϫ1 ; Fig. 1 ). Only the hsp65 gene copy numbers in the drinking water samples from the distribution system of plant SW1 in the summer were significantly higher than the hsp65 gene copy numbers observed in the distribution system of the other plants (analysis of variance [ANOVA] with Bonferroni post hoc test; P Ͻ 0.01).
hsp65 gene sequences. The 454 pyrosequencing of the hsp65 gene amplified from drinking water resulted in approximately 10,000 hsp65 gene sequences from the 16 samples that were ana- (Fig. 2) . NTM communities in drinking water. The 2,943 hsp65 gene sequences from NTM were used for further analyses. The numbers of different NTM OTUs in the drinking water samples ranged between 4 and 28 but were in general higher than 10 (Table 2) . Concomitantly, the diversity indices of the NTM community in most drinking water samples were relatively high ( Table 2 ). The numbers of NTM OTUs and NTM diversity indices in drinking water from plants SW1 and SW2 were in general lower in winter (9.2 Ϯ 4.4°C) than in summer (20.3 Ϯ 1.5°C) ( Table 2 ). In addition, the NTM OTU numbers and NTM diversity indices were higher in distributed water than in treated water of plants SW2, SW4, and GW1 (Table 2) . A pronounced difference in NTM OTU numbers or NTM diversity indices between water samples from the different plants was not observed.
Most NTM OTUs were observed in only one drinking water sample (142 of 175 OTUs) or in the distribution system and/or drinking water of one plant (153 of 175 OTUs) (Table 3) . Still, one NTM OTU was observed in 14 of the 16 analyzed drinking water samples which came from the distribution system and/or treated water from all five treatment plants (Table 3 ). In general, this OTU constituted more than 10% of the hsp65 gene sequences that were observed in the drinking water samples and that belonged to the genus Mycobacterium (see Table S1 in the supplemental material). The other NTM OTUs were present in eight or fewer drinking water samples, although four NTM OTUs were observed in the distribution system and/or treated water of four different plants.
The Morisita similarity index demonstrated that each drinking water sample had a unique NTM community (Fig. 3) . Consequently, the similarity of the NTM OTU communities of the sampled locations in each distribution system of plants SW1, SW2, and SW3 was low (Fig. 3) , indicating that the NTM communities differed considerably between different locations in the distribution system of these plants. None of the NTM OTUs in the treated water of plant SW2 were observed in the distributed drinking water (see Table S1 in the supplemental material), indicating that the NTM community in treated water differs completely from the NTM community in distributed water. In contrast, the NTM communities in the treated water and in the distribution system of plants SW4 and GW1 were relatively similar (86% to 94% similarity; Fig. 3 ), although the NTM diversity was greater in the distributed water of these two plants than in the treated water (Table  2) . Thus, the dominant NTM OTUs in the treated water of plants SW4 and GW1 were also observed in the distributed water, but the distributed water contained additional NTM OTUs (Table S1 ).
The NTM communities at a specific location in the distribution system of plant SW1 differed considerably between summer and winter (31% to 67% similarity; Fig. 3 ). In contrast, the NTM communities at location 1 in the distribution system of plant SW2 were not that different between summer and winter (81% similarity). The NTM communities in treated water and distribution system of a treatment plant were in general different from the NTM communities at other plants (Fig. 3) . However, similarities between NTM communities at a certain location in the distribution system of plants SW1 and SW3, SW2 and SW3, SW1 and GW1, and SW4 and GW1 were observed. NTM identification in drinking water. All NTM hsp65 gene sequences observed in water samples from the distribution system and/or treated water of plants SW1, SW4, and GW1 had less than 97% similarity to hsp65 gene sequences of defined NTM species (see Table S1 in the supplemental material). This indicates that the dominant NTM species in the distribution system of these plants are not-yet-described NTM species. hsp65 gene sequences with more than 97% similarity to those of defined NTM species were observed in a few drinking water samples of the other plants. A total 4 of 86 hsp65 gene sequences from the treated water of plant SW2 were related to M. salmoniphilum (98.9% sequence similarity). hsp65 gene sequences in drinking water (2 of 114 sequences in winter and 16 of 167 sequences in summer) at location 1 in the distribution system of plant SW2 were related to those of M. gordonae (98.5% to 99.8% sequence similarity). hsp65 gene sequences (6 of 121 sequences) related to M. gordonae (99.8% sequence similarity) were also observed in the drinking water sample from the other location in the distribution system of plant SW2. In addition, 8 hsp65 gene sequences were related to M. llatzerense (97.5% sequence similarity) and 14 sequences to M. avium (97.5% sequence similarity) in this sample. hsp65 gene sequences (61 of 665 sequences) were also related to M. gordonae (99.8% sequence similarity) in drinking water sampled from one location in the distribution system of plant SW3. Thirteen of the 129 hsp65 gene sequences were related to M. genavense (97.3% sequence similarity) in drinking water from the other location in the distribution system of plant SW3. 
DISCUSSION
Lack of hsp65 PCR primer specificity. The objective of our study was to investigate the NTM community in unchlorinated drinking water in the Netherlands by sequencing the hsp65 gene after PCR amplification using primers TB11 and TB12 (30) . The results showed that the majority of the hsp65 gene sequences obtained from drinking water samples were not related to bacteria from the genus Mycobacterium. Thus, primer pair TB11 and TB12 cannot be used for the quantitative detection of Mycobacterium in drinking water. It is, therefore, better to use other developed qPCR assays for the quantitative detection of NTM in the drinking water environment (18, 37) . One of these qPCR assays has also been used for the quantitative detection of NTM in unchlorinated drinking water in the Netherlands (38) .
NTM communities in drinking water. We obtained 2,943 hsp65 gene sequences of NTM in our study, which is a quantity adequate to describe and compare the NTM communities from the different drinking water samples. Overall, the results demonstrate that each drinking water sample had a unique NTM composition, as was also observed with cultivation methods for drinking water samples in the United States (39) . Most NTM OTUs were present in only one drinking water sample, indicating that local conditions are important drivers for the establishment of NTM species in the drinking water distribution systems. Still, one NTM OTU was observed in the distributed and/or treated water of all five plants. Consequently, this NTM species seems well adapted to the unchlorinated drinking water environment in the Netherlands. Unfortunately, this NTM species is a not-yet-described NTM species and the hsp65 gene sequence of this species has not been deposited in the GenBank database before.
The number of NTM OTUs and the Shannon and Simpson diversity indices were noticeably higher in drinking water samples from the distribution system than in treated water. These results demonstrate that NTM species that are not present or are present at low numbers in the treated water are able to establish themselves and multiply in the drinking water distribution system. However, the dominant NTM OTUs in treated water of plant SW4 and GW1 were also observed in the distributed drinking water. Only the NTM OTUs in treated water of plant SW2 were not observed in the distributed drinking water of that plant. Plant SW2 is the only one of these three plants that uses slow sand filtration as the last step in the treatment train. Perhaps conditions in the slow sand filters select for NTM species that are not well adapted to growth in the distribution system. Angenent et al. (19) observed a substantial NTM diversity in the air and water from a hospital therapy pool, although OTU numbers or diversity indices were not given. Still, the NTM diversity observed in that study is difficult to compare with the NTM diversity observed in our study, because they analyzed 16S rRNA gene sequences instead of hsp65 gene sequences (21) . A much lower number of NTM species (normally up to 8 in a drinking water sample) was observed in drinking water samples when cultivation-based methods were used (9-11, 18, 39-45) . These cultivation-based methods normally analyze about 100 to 1,000 ml of drinking water. The amount of drinking water volume analyzed in our PCR corresponds to 50 ml of drinking water, since only a small (5%) portion of the isolated DNA was used in the PCR. Consequently, the NTM diversity and number of OTUs might have been even higher if 100 to 1,000 ml of drinking water had been used for analysis. Our results indicate that numerous NTM species in drinking water have not yet been cultivated, an interpretation confirmed by our observation that most hsp65 gene sequences of NTM were related to not-yet-described species. Consequently, cultivation-based methods provide a limited view of NTM diversity in drinking water. The observation that most NTM in unchlorinated drinking water have not yet been cultivated, and may not be cultivable, is consistent with observations made for other microorganisms in unchlorinated drinking water such as Legionella (29) , protozoa (46) , and fungi (37) .
The source used for drinking water production (groundwater versus surface water) had no or a minor influence on the establishment of a specific NTM community, since more than 90% similarity between the NTM communities in drinking water from plant GW1 and plant SW1 or SW4 was observed. This similarity value was higher than the similarity between some NTM communities in drinking water produced at different surface water plants (e.g., SW3 and SW4). In the United States and France, a clear difference between the NTM communities in drinking water from groundwater and surface water was observed when cultivationbased methods were used (41, 43) . In addition, NTM could not be cultivated from drinking water in 64% to 69% of the investigated plants in the United States and in 28% of the investigated plants in France. The discrepancy between their and our results reconfirms the need for DNA-based methods to identify factors that affect NTM communities in drinking water.
A distinct seasonal influence on the NTM community was observed for the samples of plant SW1, but a less noticeable seasonal effect was observed for samples from plant SW2. However, this apparent disagreement can also be explained by the different sampling methods used for the winter and summer samples of plant SW1. Winter samples were obtained after flushing the tap until the water temperature was stable for 30 s (assuming that the drinking water sample came from the distribution system), whereas summer samples were obtained directly from the tap (assuming that the drinking water sample came from the premise plumbing system). Consequently, the different NTM populations in winter and summer samples in the distributed drinking water of plant SW1 might indicate that NTM communities differ between the premise plumbing and distribution systems. A seasonal effect on the NTM numbers in distributed drinking water has been observed before (38, 39) , as has an effect of the premise plumbing system (25, 38) . Therefore, additional experiments are required to determine whether the NTM community in distributed drinking water is affected by the season and/or the premise plumbing system.
The drinking water from plant SW2 has a lower AOC concentration and a lower BFR value than the drinking water from the other four plants ( Table 1) . As a result, the active biomass concentration (i.e., ATP concentration) in the drinking water from plant SW2 is low compared to that in the drinking water from the other plants (Table 1 ). The NTM community compositions of drinking water from SW2 did not cluster separately from the NTM community compositions of drinking water from the other plants. Moreover, the drinking water NTM community at one location in the distribution system of plant SW2 was relatively similar to the drinking water NTM community at a location in the distribution system of plant SW3 (82% similarity). These results show that a low BFR, AOC, and ATP concentration in drinking water has limited impact on the NTM community composition in the drinking water distribution system. A previous study had shown van der Wielen et al. that the AOC and/or BFR of the drinking water did not affect the 16S rRNA gene copy numbers of NTM in unchlorinated drinking water in the Netherlands (38) . It can be concluded from our studies that both the NTM numbers and NTM community composition cannot be controlled by further reduction of the microbial activity, AOC concentration, and/or BFR in unchlorinated drinking water in the Netherlands. Obviously, certain NTM species are well adapted to the intense oligotrophic conditions in the drinking water environment.
NTM identification in drinking water. Although 95.8% of the hsp65 gene sequences were related to not-yet-described NTM species, 4.2% of the hsp65 gene sequences demonstrated more than 97% similarity to hsp65 gene sequences from defined NTM species. Most of these hsp65 gene sequences were related to M. gordonae, which has also been regularly detected in cultivation-based analysis of NTM communities in drinking water in the Netherlands (27, 47) and other countries (9, 11, 18, 39 -41, 43-45) . In a more recent study, the rapidly growing mycobacteria M. llatzerense, M. chelonae, M. vaccae, M. salmoniphilum, M. peregrinum, and M. septicum were cultivated from drinking water sampled at two locations in the Netherlands (10) . Only two of these species (M. llatzerense and M. salmoniphilum) were observed in our study as well. Drinking water samples from plants other than those used in our study were analyzed in that recent study (10) . This might explain the differences between their study and ours in the NTM species observed, since our results indicate that each drinking water sample has a unique NTM population. M. genavense had been observed in hospital drinking water in the Netherlands in 1999 using molecular methods (48) . That hospital is located in the same geographic area as the single location where hsp65 gene sequences related to M. genavense were found in our study and might indicate a specific geographic distribution or adaptation to a specific water type of this NTM species. Other publications that describe the detection of M. genavense in drinking water could not be found, probably because M. genavense is difficult to cultivate (48) .
The observation that 14 hsp65 gene sequences showed more than 97% similarity to those of the hsp65 gene of M. avium was unexpected, because M. avium could not be detected in the same water type with a previously described qPCR protocol (37) . The hsp65 gene sequences related to M. avium were observed at only one location in the distribution system of SW2 in the summer, where it constituted 5.0% of the total hsp65 gene sequences. Given the relatively high hsp65 gene copy number (9.2 ϫ 10 4 liter Ϫ1 ) and the number of hsp65 gene sequences related to M. avium in this drinking water sample, M. avium numbers should have been 10 times above the detection limit of the specific qPCR assay. Therefore, the bacterium carrying this hsp65 gene may represent a separate NTM species closely related to M. avium or the selective PCR method used for M. avium does not detect all M. avium strains.
Our study showed that the majority of NTM species in drinking water are related to not-yet-described species. It is unlikely that these NTM species are of public health significance, because these unidentified NTM species have not been linked to disease. Still, elucidation of the virulence properties of these species is necessary to definitely exclude their role in public health. A small number of hsp65 gene sequences related to M. gordonae, M. avium, M. salmoniphilum, M. genavense, and M. llatzerense were observed in drinking water in our study. Some of these species have been reported to be involved in disease of immunocompromised persons (1, 48) . Reporting disease caused by NTM to the health authorities in the Netherlands is not obligatory; therefore, detailed information about NTM species involved in disease in the Netherlands is not available. A recent examination of several clinical NTM cases in the Netherlands indicated that, of the five species observed in drinking water, only M. gordonae and M. avium have been confirmed in clinical cases (49, 50) . However, the clinical relevance of M. gordonae in the Netherlands is very low, whereas the clinical relevance of M. avium is moderate (49, 50) . Consequently, the results from our study do not indicate that NTM in unchlorinated drinking water from distribution systems in the Netherlands are of important public health significance.
The NTM with the highest clinical relevance in the Netherlands seem to be M. xenopi, M. kansasii, and M. malmoense (49, 50) , species that were not observed in our NTM community analysis. Since we analyzed NTM communities in 50-ml samples of drinking water, it remains possible that these three NTM species were present at numbers that were below the detection limit of our sequencing approach. In addition, M. kansasii has been observed in drinking water from the premise plumbing system in the Netherlands but not in drinking water from the treatment plant or distribution system (27) . This indicates that premise plumbing systems rather than distribution systems enhance growth of M. kansasii. Therefore, specific qPCR methods are currently being developed for the quantitative detection of M. kansasii, M. xenopi, and M. malmoense in drinking water. Such qPCR assays can subsequently be used to determine whether these three NTM species are present in unchlorinated drinking water in the distribution and/or premise plumbing systems in the Netherlands.
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